Background Information on cause-of-death is lacking for 98% of the world's 4 million neonatal deaths that occur in countries with inadequate vital registration (VR).
Many neonatal deaths are preventable with existing low-cost interventions, 3, 4 but to make the best use of limited resources, planners and policy makers require reliable cause-of-death information. 5 However, 99% of the world's neonatal deaths occur in low-income and middle-income countries, few of which have high vital registration (VR) coverage. The only option currently available to meet this gap in information regarding the vast majority of neonatal deaths is estimation.
Estimates are available for selected single causes of neonatal deaths such as those due to birth asphyxia or intrapartum events 6 and neonatal tetanus. 7 Before 2005, the World Health Report (WHR), published annually by the World Health Organization (WHO), provided little detail with respect to the causes of neonatal deaths, 8 with 2.6 million neonatal deaths grouped together as 'perinatal causes'. This was the biggest single category of deaths in the global burden of disease tables and included several distinct causes of death with differing programmatic solutions. Neonatal infections, the single largest cause of neonatal deaths globally, 9 were not included in the perinatal causes group and were not distinguishable from infections after the neonatal period, despite the need for alternative prevention and treatment strategies. Furthermore the data inputs and methods for these estimates were not available.
The science of systematic reviews of interventions is advanced, with guidelines for search strategies and inclusion criteria, for example, in Cochrane reviews (http://www. cochrane.org/resources/handbook/). The science of disease burden is less advanced and at times controversial. 10 Comprehensive searches, descriptions of modelling, and estimation of uncertainty are becoming the norm. 11 New estimation approaches that constrain all the major causes of death in a given age band to fit the total number of deaths in that given age band are more attractive than attempting to combine multiple single cause estimates generated through varying methods. 12 However the methodological and statistical challenges are considerable, and there may be other disadvantages. 5 Our aim was to provide for 193 countries in the year 2000, systematic estimates, with associated uncertainty, of the distribution of neonatal deaths for programme-relevant causes; birth asphyxia, preterm birth, congenital abnormalities, sepsis/ pneumonia, neonatal tetanus, and diarrhoea, with a residual category of 'other' including specific but less common causes of neonatal death.
Materials and methods

Overview
Two sources of cause-of-neonatal-death data were used: VR data, and published and unpublished reports of research studies (study data). The search strategy and inclusion criteria are described in Table 1 . National level estimates of proportionate causes were obtained in one of three ways. For 45 countries with high coverage (.90%) VR data, these data were used. Second, for 37 countries with low NMRs but without high coverage VR systems, estimates were obtained by applying a multinomial regression model developed using high coverage VR data. Finally for 111 countries with higher NMRs and without VR data, estimates were obtained by applying a multinomial regression model developed using the study data. For both the VR-data-based and the study-data-based models, national predictions were derived by applying the models to national level covariate data for the year 2000.
For the purposes of our analysis we identified six cause-ofdeath categories, plus one residual category, based on the following considerations: expected public health importance, differing implications for intervention, and the ability to distinguish between them in low resource settings. Thus, since pneumonia in a neonate cannot be distinguished on clinical examination from septicaemia or meningitis, and because case management is similar for all three conditions, one category, subsequently referred to as 'sepsis/pneumonia', was used for all three causes. The category 'preterm' included only deaths directly attributed to prematurity and to specific complications of preterm birth such as surfactant deficiency, but not all deaths in preterm infants. The cause-of-death categories and case definitions used are summarized in Table 2 . 13, 14 Input data
VR data
The WHO supplied a database of VR data since 1990 covering 83 countries with two different International Classification of Disease coding systems (ICD9 and ICD10). 15 We used the data from the year closest to the year 2000. If the annual number of neonatal deaths in the country was ,500, we used the average for the 3 years closest to the year 2000. Excel spreadsheets (Microsoft XP, 2000) and Stata version 8 programs (Stata Corporation, College Station, TX, USA) were written to link the 20 000 possible codes in ICD10 and 10 0001 codes in ICD9 with the seven cause-of-death categories selected. An ICD9 to ICD10 translation guide was used to maximize consistency between the two classification systems.
Study data
We performed systematic searches of the published literature and made extensive attempts to identify non-English language publications (Table 1 ) and unpublished datasets. After applying inclusion criteria (Table 1) , data on numbers of neonatal deaths by cause and on potential explanatory variables were abstracted by two independent abstractors using a standard form. Deaths were allocated among our seven cause-of-death categories using the authors' cause-of-death attribution. If authors gave more than one cause of death per neonate then a fixed hierarchy was applied, following ICD rules where possible (Table 2) . For example, a death in a neonate with a neural tube defect and infection was classified as due to congenital abnormality. We contacted the authors for additional data regarding missing or unclear causes. For example, if a neonatal death was attributed to 'feeding difficulties' the authors were asked to supply additional information regarding the death to allow allocation to a standard category. Deaths from unknown causes were excluded from subsequent analysis, but if more than 25% of deaths were unknown the study was excluded (Table 1) . We also abstracted data for a range of variables that might explain the proportional distribution of causes in a study (Table 3 ). These variables related to the study site and study design/methods, to the overall NMR (e.g. low birth weight rate, skilled-attendant coverage), or to specific causes of neonatal deaths [e.g. tetanus-toxoid coverage (TT21)]. One limitation on the variables was the requirement that national covariate data would be available for all countries for prediction purposes. Some covariates of interest, such as coverage of emergency obstetric care or early post-natal/newborn care, are not routinely collected. We considered it important to identify values for explanatory variables, which applied to the study population, or as close to it as possible, in view of the possibility that study populations might not be representative of national populations. For example, in three studies from The Gambia, tetanus accounts for ,1% of neonatal deaths. Locally high TT21 coverage is important in explaining this.
We wrote to 55 authors to obtain additional information on causes of death and local explanatory variables. When study population-specific explanatory data were not available we used other sources such as Demographic and Health Surveys (DHS, www.measuredhs.com) and local programme reports. We identified local or regional data for .90% of the 56 studies included for all the indicators except TT21 (83%) and those which are by definition national such as gross domestic product (GDP) per capita.
Modelling
Modelling was performed separately for the two datasets (VR and study data). All analyses were performed using Stata version 8 software. A two-step approach was applied to each dataset.
Step one: One cause was identified as a 'baseline' cause for each dataset, and the logarithm of the ratio of each of the other causes to the baseline cause was calculated, adapting the method applied by Morris et al. 12 Ordinary logistic regression was used to develop models for each ratio. For the VR data, with only relatively small variations in NMR, we used a forward stepwise approach based on statistical significance testing, at the 5% level. For the study data, models based on statistical significance alone resulted in multiple parameters and, therefore, we included only variables that we expected a priori to be associated with each ratio (Table 3 ) and for which the parameter estimate had the expected sign and explained some variability. For example, we expected that the tetanus:asphyxia ratio would be associated with the coverage of tetanus-toxoid immunization, with the ratio decreasing as coverage increases.
Step two: The explanatory variables identified using the log ratio models as described above were fitted simultaneously in a multinomial model 16 including all causes to obtain parameter estimates for use in predictions. To allow for withindata source correlations, robust rather than model-based standard errors were used and studies were given a weight proportional to the square root of the number of deaths on which they had data. This weighting is intermediate between giving equal weight to each study or equal weight to each death. (Table 3) . We then applied the predicted proportions to WHO estimates of the total number of neonatal deaths occurring in each country 1 to obtain estimates of the number of deaths by cause for each country.
Uncertainty
Uncertainty estimates were obtained using the jackknife approach. 17 Each study or country was removed in turn from the multinomial model estimation step and the predictions for that study/country obtained using the remainder of the data. The distribution of the differences between the observed and estimated log ratios obtained provides an estimate of the standard error of out-of-sample predictions. We used Monte Carlo simulation (10 000 simulations) to randomly perturb country-level estimates based on these standard errors and took the 2.5th and 97.5th centiles to provide an indication of the level of uncertainty in our estimates. This does not capture all the potential sources of variability and uncertainty, such as uncertainty around the number of neonatal deaths in a country.
Results
VR data inputs
A total of 45 countries met the initial inclusion criteria ( Figure 1 ). We excluded Mauritius from the estimation process Adapted from Wigglesworth, 13 and NICE 14 using a hierarchical classification approach with each the conditions being sought in the order listed. Note that investigators may have applied their own hierarchy, which may not be consistent with the one shown. Full-term infant, small for gestational age comprised ,1% of neonatal deaths and was included in 'other' not in preterm, but some studies did not specify this as a cause of death so some misclassification into preterm birth is possible.
as it was the only African country with high coverage VR data and we did not consider that Mauritius was representative of other African countries given the NMR is 12 per 1000 livebirths. Thus the VR model was based on data on 96 797 deaths from 44 countries, which together account for~2% of the estimated global total of neonatal deaths (Supplementary  Table 2 ). NMRs ranged from 2 to 18 per 1000 livebirths. There were no reported neonatal tetanus deaths in these countries and very few neonatal deaths due to diarrhoea (290 or 0.3%) so we restricted our modelling to the remaining five causes of death (preterm, sepsis/pneumonia, asphyxia, congenital, and 'other') with the small number of diarrhoea deaths allocated to the sepsis/pneumonia (infection) category. The annual number of deaths per country ranged from 12 (Iceland) to 23 603 (Mexico). The recorded distribution of the different causes of death varied between countries particularly for preterm and congenital (Figure 2a) . The most common cause of death (preterm) was chosen as the baseline cause for modelling.
Study data inputs
After applying inclusion criteria, we identified 48 studies and 8 unpublished databases reporting a total of 13 685 deaths with Figure 1, Supplementary Tables 1-3 ).
Few data from China were identified, despite searching the Chinese language literature and contacting Chinese experts directly.
The proportion of deaths with unknown cause ranged from 0 to 23%, with a median of 2%. The number of deaths with known cause per study ranged from 21 to 3638 (median 5 102.5). NMRs ranged from 8 to 89 per 1000 livebirths. Communication with authors was important in increasing information regarding cause of death. Some publications did not mention neonatal tetanus or diarrhoea but authors provided additional information regarding these causes. Even after communication with authors, 19 studies lacked data on one of our selected causes of death (11 diarrhoea, 4 congenital abnormalities, 3 tetanus, and 1 preterm). Two studies lacked information on two causes (congenital and tetanus; congenital and diarrhoea). Asphyxia was recorded in all the studies and, therefore, chosen as the baseline cause for modelling.
There was substantial variation in the distribution of the different causes of death across the studies, especially for the preterm and infection categories (Figure 2b) . Many of the studies with high proportions of neonatal deaths due to congenital abnormalities were from populations with a high prevalence of consanguinity.
Model results
The parameter estimates from the multinomial VR model are shown in Table 4 . The model explained some of the variation between countries in the congenital abnormalities:preterm and infection:preterm ratios, but explained little or none of the variation in the ratios of asphyxia and 'other' to preterm deaths. The parameter estimates from the multinomial model of the study data are shown in Table 4 . The model performed quite well in explaining variation in the infection:asphyxia and tetanus:asphyxia ratios and explained some of the variation in the congenital:asphyxia and diarrhoea:asphyxia ratios. The model explained little or none of the variations in the ratios preterm:asphyxia and other:asphyxia.
The results of jackknife analyses of both models are shown in Table 5 . For the VR model, the mean observed and predicted proportions were close in both absolute and relative terms (maximum absolute difference 0.7%, maximum relative difference 7%). Differences were slightly larger for the study data model [maximum absolute difference 2.1% (asphyxia), maximum relative difference 21% (diarrhoea)].
Estimates of the distribution of causes of neonatal deaths
The estimated regional distribution of the causes of neonatal deaths is shown in Figure 3 , with global point estimates and uncertainty ranges in Figure 1 Identification, inclusion criteria, and applications for the vital registration and study-based datasets million) are distributed across the remaining causes (congenital and 'other'). There is considerable variation in proportionate cause by region, particularly for neonatal tetanus, diarrhoea, and congenital malformations. A comparison of our countrylevel estimates for neonatal tetanus deaths with those produced by WHO Vaccines and Biologicals Department shows reasonable agreement; 7 of the 10 countries with the highest numbers of neonatal tetanus deaths according to WHO are in agreement with these predictions.
Discussion
To our knowledge, this is the first set of global estimates for multiple causes of neonatal death, providing uncertainty estimates and detailing inputs and methods. The WHO has used these estimates in the WHR 2005. 1,11 Our estimates are broadly consistent with the available single cause estimates. Using different approaches, deaths in the year 2000 have been estimated at 220 000 for neonatal tetanus, 7 at 940 000 for asphyxia, 6 and at 1.33 million for prematurity, although the latter includes deaths attributed to preterm birth up to the age of 5 years. 7 Each of these estimates lies well within our uncertainty range for that cause. Simultaneous estimation of all major causes of deaths in a given time period is challenging, limited by a shortage of high-quality input data 2 and by the complex statistical approaches required. 12 Our uncertainty estimates are wide but still do not capture all the potential sources of uncertainty. Geographical variation in the causes of death is striking, emphasizing the need for local data for decision-making. The level of NMR is associated with cause-of-death variation-at NMRs of over 45 per 1000 more than half of neonatal deaths are due to infections and tetanus. 2 
Input data
The estimates for 95% of neonatal deaths (111 countries 3.8 million deaths, study data model) were based on data on fewer than 14 000 neonatal deaths from 56 studies. We excluded many health-facility-based studies because the distribution of causes of death in these studies may not reflect the distribution of causes of death in the general population and the direction of selection bias is not predictable. For example if obstetric referral is effective, then birth asphyxia will be over-represented in facility-based data. 73 Conversely, in isolated areas with low demand for facility-based care, facility-based data may under-estimate asphyxia as a cause of death. 74 The exclusion of studies with few deaths of known cause (,20) or those reporting less than five causes of neonatal deaths or which had 25% or more unknown cause of death further restricted the data available (Table 1) . Perhaps more importantly, we were unable to identify useable data for many of the world's poorest countries, which together account for about one-third of neonatal deaths. It is possible that some publications or unpublished data were missed due to language barriers, despite not limiting searches by language. Extensive attempts were made to contact researchers in China, Latin America, and Francophone West Africa. Approximately one-third of the studies included are from India, which accounts for 28% of the world's neonatal deaths. Data are particularly lacking from central and northwestern Africa, central Asia, and much of China.
There was substantial variation in the distributions of causes between individual data sources in both datasets (VR and study data) (Figure 2 ). Our models explain only a R 2 -value obtained when fitting the log(ratio) using linear regression with each study having equal weight. b Estimated using robust standard errors adjusting for within country correlations. c The majority of countries in the EMRO region have relatively high proportions of consanguinity. some of this variability, although an inability to predict ratios involving the 'other' cause category is not surprising. Some of the variation in proportionate mortality by cause shown in the input data is likely to be due to true epidemiological variation; for example, in Figure 2 the outlying studies with a higher proportion of tetanus deaths were from populations with extremely low (,10%) tetanus immunization coverage. However inconsistencies in the attribution of cause of death may also play an important role. Attributing each death to a single cause is an oversimplification. Preterm birth is both a direct cause of death and also a risk factor for other specific causes, notably infections. 75 Some conditions may be synergistic, for example infection and asphyxia. 76 The variability observed in the VR data was less than that in the study data. The VR data using detailed 4-digit codes allow more specific diagnosis; for example there are multiple specific complications of preterm birth defined rather than a single category of prematurity. Nevertheless, preferences were apparent for certain codes in certain countries. Communitybased studies frequently utilize verbal autopsy (VA) approaches, whereby an interviewer gathers information regarding the death and a single cause is assigned. 76 VA methods vary from a non-structured interview to detailed postmortem questionnaires with computer algorithms or several experts assigning a cause of death. 77 The numbers of causes of neonatal death also vary between tools, from four simple groupings to multiple specific diagnoses. The lack of consistent case definitions and rules in the hierarchical assignment of causes hinders comparisons across time and between studies, and particularly between VR and VA data. Misclassification between causes of neonatal death is not well studied 78 and may particularly affect the infection and preterm categories. 79 Congenital abnormalities, especially cardiac defects, are often missed, especially in VA tools. Improved tools with explicit hierarchies, linking VA and VR data, and with known performance characteristics are required. 80 Two of the studies included here used a VA tool that mapped onto ICD categories, 27, 47 an approach worth further study.
Modelling
The modelling approach used builds on that used previously for child deaths, based on Seemingly Unrelated Regression applied to log ratios of causes. 12 We used multinomial regression models and believe this offers a number of advantages. First, with some assumptions about the category into which unreported causes have been assigned, this approach can handle studies that do not provide information on all the causes of death being modelled. Using the log ratio approach, such studies were excluded. 12 Second, the log ratio approach faces a problem with rarer causes that result in zero deaths in a proportion of data sources. A non-zero value must be introduced, but the choice of which non-zero value to use may affect the results obtained from the model. A jackknife analysis suggested that the log ratio approach underestimated the rarest cause of deaths in the under-5 analysis, measles.
12
The multinomial model models zeros naturally. A further difference between the two models is in the default weights they give to observations. The log ratio approach, by default, gives equal weight to each study, regardless of size. The multinomial model, by default, gives equal weight to each death, attributing too much weight to large studies when there is within study correlation. We, therefore, chose an intermediate weighting in which each death in a given study carried a weight equal to 1= ffiffiffiffi N p where N was the number of deaths included in that study, although the choice of weights made little difference to the model outputs.
Conclusions
To prevent 4 million neonatal deaths we need to know what is causing them. 2 This exercise has highlighted the paucity of reliable, representative data on the causes of neonatal death from settings in which most neonatal deaths occur. 81 Complex statistical models are not a panacea. Counting births and deaths, refining cause-of-death attribution tools and strengthening national child health epidemiology skills all require systematic attention. Each newborn has a right to be counted, and each death should count to prevent others.
